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ORIGINAL ARTICLE 

Vascular and metabolic effects of adrenaline in adipose tissue 
in type 2 diabetes 

LTobin 1 , L Simonsen 1 , H Galbo 2 and J Bulow 1,3 

OBJECTIVE: The aim was to investigate adipose tissue vascular and metabolic effects of an adrenaline infusion in vivo in subjects 
with and without type 2 diabetes mellitus (T2DM). 

DESIGN: Clinical intervention study with 1-h intravenous adrenaline infusion. 

SUBJECTS: Eight male overweight T2DM subjects and eight male weight-matched, non-T2DM subjects were studied before, during 
and after an 1-h intravenous adrenaline infusion. Adipose tissue blood flow (ATBF) was determined by 133 Xenon wash-out 
technique, and microvascular volume in the adipose tissue was studied by contrast-enhanced ultrasound imaging. Adipose tissue 
fluxes of glycerol, non-esterified fatty acids (NEFA), triacylglycerol and glucose were measured by Fick's principle after catherisation 
of a radial artery and a vein draining the abdominal, subcutaneous adipose tissue. 

RESULTS: ATBF increased similarly in both groups during the adrenaline infusion. One hour post adrenaline, ATBF was still 
increased in overweight T2DM subjects. Adrenaline increased microvascular volume in non-T2DM subjects while this response was 
impaired in overweight T2DM subjects. Adrenaline-induced increase in lipolysis was similar in both groups, but NEFA output from 
adipose tissue was delayed in overweight T2DM subjects. Glucose uptake in adipose tissue increased in non-T2DM subjects during 
adrenaline infusion but was unchanged in overweight T2DM subjects. This results in a delayed excess release of NEFA from the 
adipose tissue in overweight T2DM subjects after cessation of the adrenaline infusion. 

CONCLUSION: Capillaries in the adipose tissue are recruited by adrenaline in non-T2DM subjects; however, this response is 
impaired in overweight T2DM subjects. NEFA, released in adipose tissue during adrenaline stimulation, is insufficiently re-esterified 
in situ in overweight T2DM subjects, probably owing to increased ATBF after adrenaline infusion and inability to increase adipose 
tissue glucose uptake. 
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INTRODUCTION 

Adipose tissue blood flow (ATBF) has a fundamental role in the 
regulation of the adipose tissue metabolism. In healthy subjects, 
the ATBF increases when lipid is mobilised from the tissue, 
for example, during prolonged exercise, 1,2 as well as in conditions 
in which lipid is deposited in the tissue, for example, 
postprandially. 3-5 In both situations, sympatho-adrenergic activity 
is one of the mechanisms that helps eliciting the vasodilation. 6,7 
During lipid mobilisation, the vasodilation facilitates the fatty acid 
release from the tissue by increasing the supply of albumin to the 
tissue and thereby enabling the water-insoluble fatty acids to be 
removed by the blood. During lipid deposition, the vasodilation 
helps increasing the supply of triacylglycerol (TAG)-rich 
lipoproteins for hydrolysis and enhanced lipid deposition in the 
tissue. 8,9 However, the dynamics of ATBF changes are reduced in 
obesity and, especially, in type 2 diabetes mellitus (T2DM) 
subjects, 10,11 and it has been shown that the postprandial 
changes in ATBF are closely correlated to insulin sensitivity. 12,13 

We have recently shown that in the abdominal, subcutaneous 
adipose tissue of healthy, normal-weight subjects, capillaries are 



recruited and microvascular volume is increased in response to an 
oral glucose load. 14 The capillary recruitment exposes more of the 
capillary-bound lipoprotein lipase to substrate. It follows that 
capillary recruitment may have a key role in the regulation of the 
postprandial lipid metabolism. In another recent study, we 
showed that the glucose-induced capillary recruitment is 
impaired in T2DM subjects. 15 Whether capillary recruitment also 
takes place in adipose tissue during lipid mobilisation is unknown. 
Therefore, the aim of the study was to investigate the adipose 
tissue vascular and metabolic effects of an infusion of adrenaline 
in physiological amounts in overweight subjects with T2DM and in 
weight-matched non-T2DM control subjects. 



SUBJECTS AND METHODS 

Subjects 

Two groups were included in the study. One group consisted of eight 
overweight male T2DM subjects that were all treated with diet and oral 
antidiabetic medication. The known duration of diabetes was 6.5 years 
(range 2-20 years). Eight healthy male subjects were matched with the 
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overweight T2DM subjects according to age, height, weight and body 
composition (Table 1). None of the subjects exercised on a regular basis. 
The study was performed according to the 'Declaration of Helsinki IT and 
was approved by the Scientific Ethical Committees of the Capital Region, 
Denmark (project no. H-B-2009-044). All subjects gave informed consent to 
participate in the study. 



Experimental protocol 

Approximately 2 weeks before the experimental day, the subjects were 
scanned by dual-energy X-ray absorptiometry to determine lean body 
mass and fat mass (Lunar DPX-IQ, software version 4.6c; Madison, Wl, USA) 
(Table 1). Forty-eight hours before the experiment, subjects avoided 
strenuous physical activity. After an overnight fast of about 12h, during 
which subjects were only allowed to drink water, the subjects attended 
the laboratory at 0800 hours. In the overweight T2DM subjects, the 
antidiabetic medication was discontinued 24 h before beginning the 
experiment. 

The subjects were placed in the supine position in a bed and 
catheterised in a superficial medial cubital vein (18G BD Venflon, PRO, 
Becton Dickinson, Singapore). Another catheter (Artflon (BD, Becton 
Dickinson, Singapore)) was inserted percutaneously into the radial artery 
of the non-dominant arm during local anaesthesia (1 ml 1% lidocaine). The 
catheter was kept patent with regular flushing with isotonic sodium 
chloride. A subcutaneous, abdominal vein was catheterised during 
ultrasound/colour-Doppler imaging of the vein as previously described. 16 
A 22G 10 cm polyurethane catheter (Arrow International, Reading, PA, USA) 
was inserted using the Seldinger technique. After insertion, the catheter 
was kept patent throughout the study by continuous infusion of isotonic 
sodium chloride at a rate of 40mlh~ 1 . Contra-laterally to the catheter 
position, ATBF was determined in the periumbilical, subcutaneous adipose 
tissue by washout of 133 Xenon. 14,17 The washout rate of 133 Xenon was 
measured continuously by a scintillation counter system strapped to the 
skin surface above the 133 Xenon depot (Oakfield Instruments, Oxford, UK). 
The ATBF was calculated from the mean washout rate determined in 
10-min periods coinciding with the time of ultrasound recordings. The 
tissue-to-blood partition coefficient X used was lOgml -1 . 18 

An ultrasound scanning setup was made as explained in detail earlier. 14 
In short, this setup included a L9-3MHz linear array ultrasound transducer 
placed horizontally at the right side of the abdomen ~5 cm above the iliac 
crest in the mid-axial line. The ultrasound transducer was fixed to prevent 
displacement as well as any pressure of the transducer on the underlying 
tissue, and it was made sure that the subject did not change body position 
during the measurements. 

An iU22 ultrasound scanner (Phillips Medical Systems, Bothell, WA, USA) 
was set to operate in contrast harmonic mode and at a mechanical index 
of 0.06, with the depth set at 3 cm, and focus and gain optimised at the 
beginning of the experiment and held constant throughout. 

Ultrasound gel was applied liberally and an initial baseline measurement 
was obtained using a bolus of 1.5 ml of ultrasound contrast agent 
(SonoVue, Bracco S.p.A, Milan, Italy) that was injected intravenously 
followed by an immediate flush of 10 ml isotonic sodium chloride. 14 

B-mode imaging was created from broadband spectra of acoustic 
frequencies from 3-9 MHz. First harmonic contrast signals were received at 
8 MHz. Twenty-millisecond images were captured consecutively for 2min 
after bolus injections. 



The experiment consisted of a baseline (pre-adrenaline) period of ~ 60 min, 
where equilibrium of the injected 133 Xenon was achieved followed by a 60- 
min continuous intravenous adrenaline infusion (0.15 nmol kg~ 1 lean body 
weight min -1 ) and 60min after cessation of the adrenaline infusion (post 
adrenaline). Room temperature was kept at 24 °C 

The contrast-enhanced ultrasound recordings in adipose tissue were 
preceded by abdominal vein and radial artery blood sampling and done 
immediately before the adrenaline infusion at Omin and again at 30, 60 
and 120 min. 

Image analysis 

Image analysis was performed offline using ultrasound quantification and 
analysis software (QLAB version 8, Phillips Medical Systems). The analysis 
consisted of examination of a region of interest for each recording in the 
abdominal, subcutaneous adipose tissue. In a region of interest, the 
relative microvascular volume in the tissue was determined as the mean 
signal intensity in decibels during the first plateau phase after subtraction 
of the mean signal intensity registered immediately before the contrast 
bolus injection. 14 

Blood analysis 

Plasma non-esterified fatty acids (NEFA) concentrations were measured in 
arterial and venous blood in duplicates in heparinised plasma with 
enzymatic methods using a Wako NEFA-C test kit (TriChem Aps-interkemi, 
Copenhagen, Denmark), in a Beckman Coulter (Brea, CA, USA) Synchron Cx 
Systems. TAG and glycerol were measured in arterial and venous plasma in 
duplicates using TG-B, Triglycerides GPO Blanked Kit TG-B (Ramcon A/S, 
Birkeroed, Denmark) and determined on an automated analyser (Hitachi 
612 Automatic Analyser; Roche, Basel, Switzerland). Arterial plasma 
adrenaline was measured in duplicates with an Adrenaline Research Elisa 
kit (Labor Diagnostic Nord, Nordhorn, Germany), and determined on an 
Elisa reader Multiskan GO (Multiscan, Labsystem, Vienna, VA, USA). Samples 
for analysis of glucose and haematocrit in arterial and venous blood were 
taken anaerobically in gas-tight heparinised syringes and analysed 
immediately in duplicates using an ABL 725 (Radiometer, Copenhagen, 
Denmark). 

Calculations 

Net metabolite fluxes over the abdominal, subcutaneous adipose tissue 
were calculated by multiplying the venous-arterial (output) or the arterio- 
venous (uptake) difference in metabolite concentrations by the appro- 
priate blood or plasma flow (whole blood for the calculations of glucose 
and glycerol and plasma flow for the calculations of NEFA fluxes). The 
NEFA/glycerol release ratio was calculated from the net NEFA and net 
glycerol outputs. 

Statistical analyses 

These were performed with GraphPad Prism version 4 (GraphPad Software, 
Inc., CA, USA). Results are presented as mean ± s.e.m. Differences were 
assessed by a paired f-test and one-way analysis of variance test with 
Tukey post-hoc test. P<0.05 was considered statistically significant in two- 
tailed testing. 



RESULTS 

Vascular responses 

Abdominal, subcutaneous ATBF. The ATBF in the pre-adrenaline 
period was similar in the healthy subjects and the overweight 
T2DM subjects (Table 2). During the adrenaline infusion, ATBF 
increased significantly in both groups and peaked at 60 min 
(P<0.05). Sixty minutes post adrenaline, the ATBF was still 
significantly increased in the overweight T2DM subjects compared 
with the pre-adrenaline value. In addition, it was significantly 
higher than the ATBF in the overweight, non-T2DM subjects 
(P<0.05). In these subjects, ATBF had returned to the pre- 
adrenaline level 60 min post adrenaline. 

Abdominal, subcutaneous adipose tissue microvascular volume. In 
the overweight, non-T2DM subjects adrenaline induced an 
increase in the microvascular volume, and this remained increased 



Table 1. Anthropometric data for eight overweight T2DM subjects 
and eight overweight, non-T2DM subjects 



Characteristics 


T2DM 


Overweight, 




subjects 


non-T2DM subjects 


Age, years 


53 ±4 


54 ±5 


Height, cm 


182±3 


180±3 


Weight, kg 


105 ±9 


94 ±6 


Lean body mass, kg 


66 ±2 


63 ±3 


Body fat, % 


31 ±3 


30 ±3 


BMI, kgrn" 2 


30.4 ± 2 


30.2 ±1.5 


Fasting glucose, mmoll -1 


7.8 ± 0.6 


5.8 ± 0.2* 



Abbreviation: T2DM, type 2 diabetes mellitus. Values are mean ± s.e.m. 
*P<0.05 between groups. 
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Table 2. Abdominal, subcutaneous adipose tissue blood flow (ml min 1 • 100g 1 ) and ultrasound signal intensity changes from baseline to 
first-phase plateau in percentage (%) in eight overweight T2DM subjects and eight overweight, non-T2DM subjects 




Subject 


Pre-adrenaline 


Adrenaline (30 min) 


Adrenaline (60 min) 


Post adrenaline 


Adipose tissue 
Blood flow 


Non-T2DM 
T2DM 


2.3 ± 0.4 
2.2 ± 0.4 


3.8 ± 0.7* 
3.3 ± 0.6 


4.4 ± 0.6* 
5.1 ±0.8* 


2.9 ± 0.4** 
4.4 ±0.6* 


Adipose tissue 
Microvascular volume 


Non-T2DM 
T2DM 


11.4±1.4 
8.8 ± 2.6 


15.? ±2.6* 
11.1 ±1.8 


15.6 ±1.2*'** 
10.7±1.0 


8.9 ±2.1 
10.6 ±2.6 


Abbreviation: T2DM, type 2 diabetes mellitus. Values are mean ±s.e.m. *P<0.05 significantly different from pre-adrenaline, **P<0.05 between groups. 



Table 3. Arterial concentrations of glycerol, NEFA, TAG, glucose and adrenaline before, during and after an 1-h adrenaline infusion in eight 
overweight T2DM subjects and eight overweight, non-T2DM subjects 



Substance 


Subject 


Pre-adrenaline 


Adrenaline (30 min) 


Adrenaline (60 min) 


Post adrenaline 


Glycerol (|imol l~ 1 ) 


Non-T2DM 


41 ±3 


113 + 14* 


80 ±9* 


18±3* 




T2DM 


35 ±6 


120 ±32* 


85 ±9* 


21 ±4* 


NEFA (^imoir 1 ) 


Non-T2DM 


530 ±35 


1187 ±108* 


1020 ±84* 


261 ± 22* 




T2DM 


439 ± 50 


1147 ±156* 


1058 ±92* 


337 ± 48* 


TAG ((imoir ] ) 


Non-T2DM 


975 ± 1 78 


1009±176 


981 ±166 


974 ± 1 79 




T2DM 


1011 ±155 


1020 ±247 


1016 ± 165 


1004±153 


Glucose (mmol l~ } ) 


Non-T2DM 


5.8 ± 0.2** 


7.0 ± 0.2*'** 


7.5 ± 0.3*'** 


6.4 ± 0.4*'** 




T2DM 


7.8 ± 0.6 


9.2 ± 0.5* 


9.7 ± 0.5* 


8.7 ± 0.4* 


Adrenaline (nmol 1 ~ ^ 


Non-T2DM 


0.46 ±0.1 3 


5.35 ± 0.46* 


5.26 ± 0.62* 


0.45 ± 0.08 




T2DM 


0.56 ± 0.1 7 


4.24 ±0.37* 


4.54 ± 0.35* 


0.67 ±0.1 2 



Abbreviations: NEFA, non-esterified fatty acids; TAG, triacylglycerol; T2DM, type 2 diabetes mellitus. Values are mean ± s.e.m. **P<0.05 between groups, and 
*P<0.05 significantly different from pre-adrenaline. 



throughout the infusion (P<0.05). In contrast to this, the 
microvascular volume did not change significantly in the over- 
weight T2DM subjects during the whole experiment (P = 0.36 at 
30 min during adrenaline infusion). 

Arterial concentrations 

Glycerol and NEFA concentrations were not significantly different 
in the pre-adrenaline period in the two groups (Table 3). They 
increased similarly and peaked after 30 min in both groups during 
the adrenaline infusion (P<0.05). Post adrenaline the arterial 
glycerol and NEFA concentrations decreased to values below 
pre-adrenaline (P<0.05). 

The arterial TAG concentrations were equal in the two groups 
and remained constant throughout the experiment. 

During the whole experiment, the arterial glucose concentra- 
tion was significantly higher in the overweight T2DM subjects 
compared with the overweight, non-T2DM subjects. During the 
adrenaline infusion, blood glucose concentrations increased 
significantly in both groups. 

Similar arterial adrenaline concentrations were found in the 
two groups. The concentrations increased ~ 10-fold from pre- 
adrenaline concentrations during the infusion. 

Adipose tissue concentration differences and fluxes of metabolites 
The net glycerol and net NEFA output increased significantly in 
both groups during the adrenaline infusion (Table 4). However, 
while the glycerol outputs increased in parallel, there was a 
delayed rise in NEFA output in the overweight T2DM subjects 
compared with the overweight, non-T2DM subjects. After the 
cessation of the infusion, the glycerol and NEFA output decreased 
to values below pre-adrenaline in the overweight, non-T2DM 
subjects but not in the overweight T2DM subjects. In these latter 
subjects, the NEFA output remained significantly higher than the 
pre-adrenaline value and was also higher than the concomitant 
value in the overweight, non-T2DM subjects. 

The pre-adrenaline NEFA/glycerol release ratios were similar 
in the two groups. During the adrenaline infusion, this ratio 



decreased initially in both groups, however, more pronounced in 
overweight T2DM subjects. Post adrenaline it increased to more 
than 3 in both groups but was 25% higher in the overweight 
T2DM subjects than in the overweight, non-T2DM subjects. 
However, these changes did not reach statistical significance, 
probably owing to the low number of subjects. 

It was not possible to demonstrate a significant TAG uptake 
during the experiments in any of the subject groups (data not 
shown). 

Pre-adrenaline there was a significant glucose uptake in 
the subcutaneous, abdominal adipose tissue in both groups. 
During the adrenaline infusion, the glucose uptake increased 
significantly in the overweight, non-T2DM subjects but not in the 
overweight T2DM subjects. 

DISCUSSION 

The main findings of this study are: 

1. During a physiological adrenaline stimulus, the abdominal, 
subcutaneous adipose tissue microvascular volume increases in 
overweight, non-T2DM subjects, but this response is impaired 
in overweight subjects with T2DM. 

2. The lipolytic rate in the abdominal, subcutaneous adipose 
tissue is similar in overweight, non-T2DM subjects and in 
overweight T2DM subjects, during a physiological adrenaline 
infusion. However, in overweight subjects with T2DM the rise in 
ATBF as well as in NEFA release is delayed and, in contrast to 
findings in overweight, non-T2DM subjects are maintained 
for 60 min after cessation of the adrenaline stimulation. 

3. Adrenaline stimulation results in an increase in adipose tissue 
glucose uptake in overweight, non-T2DM subjects but not in 
overweight subjects with T2DM. 

The strength of our study is that the applied experimental 
techniques allow direct detailed measurements of vascular and 
metabolic effects in vivo. A weakness of the study is the low 
number of experimental subjects. 
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Table 4. Venous-arterial concentration difference, net fluxes of NEFA, glycerol and glucose and release ratio between NEFA and glycerol across the 
abdominal adipose tissue before, during and after an 1-h adrenaline infusion in eight overweight T2DM subjects and eight overweight, non-T2DM 
subjects 



Substance 



Subject 



Pre-adrenaline 



Adrenaline (30min) 



Adrenaline (60min) 



Post adrenaline 



Glycerol V-A difference (nmol I ] ) 
NEFA V-A difference (nmol I " ] ) 
Glucose A-V difference (mmol I ~ 1 ) 
Glycerol output (nmol min ~ 1 1 00 g ~ ^ 
NEFA output (nmol min ~ 1 1 00 g " ] ) 



Glucose uptake (mmol min MoOg 1 ) 



NEFA/glycerol ratio 



Non-T2DM 

T2DM 

Non-T2DM 

T2DM 

Non-T2DM 

T2DM 

Non-T2DM 

T2DM 

Non-T2DM 

T2DM 

Non-T2DM 

T2DM 

Non-T2DM 

T2DM 



1 13 ± 16 
120±22 
476 ± 66 
549 ± 124 
0.2 ± 0.0 
0.1 ± 0.0 
295 ± 80 
241 ± 58 
749 ± 192 
573 ± 146 
0.3 ± 0.1 
0.2 ±0.1 

2.5 ± 0.4 

2.6 ± 0.4 



198 ± 31* 
255 ± 39* 
704 ±102* 
869 ±141* 

0.3 ±0.1* 

0.2 ±0.1 
885 ±21 6* 
807 ± 207* 
1918 ± 521* 
1575 ±408* 

1.2 ±0.3*'** 

0.6 ± 0.3 

2.2 ± 0.3 

1.9 ±0.2 



137 ± 
144 ± 
607 ± 
710± 
0.4 ± 
0.1 ± 
664 ± 
785 ± 
1704± 
2156± 
1.7 ± 
0.4 ± 
2.5 ± 
2.7 ± 



23 
17 
100 
100 

0.1*'** 

0.0 

133* 

114* 

343* 

334* 

0.6*'** 

0.1 

0.2 

0.2 



49 ± 
62 ± 
242 ± 
365 ± 
0.1 ± 
0.1 ± 
157 ± 
282 ± 
406 ± 
1213 ± 
0.5 ± 
0.2 ± 

3.3 ± 

4.4 ± 



13* 

12* 

62* 

97* 

0.1 

0.0 

44* 

76 

338* 

0.2 

0.1 

0.4 

0.6 



Abbreviations: NEFA, non-esterified fatty acids; T2DM, type 2 diabetes mellitus. Values are mean ± s.e.m. 
**P<0.05 between groups. 



^P<0.05 significantly different from pre-adrenaline, 



In a recent study, we have demonstrated that capillary 
recruitment takes place in the adipose tissue simultaneously with 
an increase in ATBF during an oral glucose load in healthy, normal- 
weight subjects. 14 The increase in ATBF and the microvascular 
volume in the abdominal, subcutaneous adipose tissue is impaired 
in overweight subjects with T2DM under similar experimental 
conditions when compared with healthy overweight, non-T2DM 
subjects. 15 We have previously found that the glucose-induced 
vasodilatation in adipose tissue is mainly elicited via beta- 
adrenergic mechanisms. 7 In line with these findings, we now 
show that adrenaline increases both ATBF and capillary 
recruitment in the abdominal, subcutaneous adipose tissue in 
overweight, non-T2DM subjects. Furthermore, in overweight 
T2DM subjects the rise in ATBF is delayed and the increase in 
adipose tissue microvascular volume is impaired. 

The adrenaline infusion rate we applied in this experiment 
resulted in blood concentrations equivalent to those seen during 
strenuous exercise, 19 and to the same level as we have applied 
previously in healthy lean subjects. 20 In the healthy lean subjects, 
we found a twofold increase in ATBF during adrenaline infusion, 
and after cessation of the infusion the ATBF returned to pre- 
adrenaline level. However, in the present experiment the post- 
adrenaline ATBF did not decrease to the same extent in the 
overweight T2DM subjects as in the overweight, non-T2DM 
subjects. Furthermore, in contrast to the events in overweight, 
non-T2DM subjects, the ATBF increase in the overweight T2DM 
subjects took place without a concomitant increase in capillary 
recruitment. This indicates that during a physiological adrenaline 
stimulus, in overweight T2DM subjects, the increase in ATBF is 
accompanied by a faster blood flow rate, that is, shorter transit 
time through the adipose tissue vascular bed. The mechanisms 
responsible for the changes in the abdominal, subcutaneous 
adipose tissue microvascular volume have not yet been identified. 
However, Georgescu et a 1. 21 have found that in subjects with 
T2DM and to lesser extent in obese subjects, the arterioles 
in abdominal, subcutaneous adipose tissue are dysfunctional 
with increased contractility and reduced endothelium-dependent 
vasorelaxation. Furthermore, a recent study comparing lean 
healthy and insulin-resistant subjects found that in the 
abdominal, subcutaneous adipose tissue there is fewer 
capillaries and more large microvessels in the insulin-resistant 
subjects. 22 The described functional and structural remodelling of 
the adipose tissue microcirculation may explain our finding 
of impaired ability to increase the microvascular volume in the 
overweight T2DM subjects. We did not measure insulin in the 



present experiments as we and others previously have shown 
that insulin per se does not influence adipose tissue total blood 
flow 23 " 25 However, we cannot exclude that insulin may have a 
role in the adipose tissue capillary recruitment. If so, this could 
explain the difference in capillary recruitment between the 
present experimental groups. In order to test this hypothesis 
additional experiments have to be performed. 

In a previous study of subjects with overweight T2DM, we have 
found that these subjects have a blunted increase in ATBF during 
prolonged exercise of moderate intensity. In addition, the ability 
to increase the NEFA mobilisation was significantly reduced 
while the glycerol release increased to the same extent as found 
in healthy, lean subjects. 11,2 Usually, net glycerol release from 
adipose tissue is taken to be equal to the lipolytic rate in the 
tissue, although a small re-uptake of glycerol has been demon- 
strated. 26,27 Therefore, a NEFA/glycerol release ratio <3 normally 
is interpreted as NEFA re-esterification intracellular 28 However, 
we have previously shown that post exercise, NEFA is released in 
excess from adipose tissue compared with the lipolytic rate as 
evidenced by a NEFA/glycerol release ratio higher than 3. 11,2 This 
indicates that either some of the NEFA released by lipolysis during 
exercise may be transiently trapped intracellular^ without being 
re-esterified or that incomplete triglyceride hydrolysis takes place 
after exercise. A similar pattern was found in the present 
experiment during adrenaline infusion in both groups, although, 
to a larger extent in the overweight T2DM subjects. 

Adrenaline caused a significant increase in the adipose tissue 
glucose uptake in the overweight, non-T2DM subjects, while the 
glucose uptake did not change in the overweight T2DM subjects 
during the infusion. Adipose tissue glucose uptake has been 
shown to be stimulated via a r adrenergic receptors both in 
man 29,30 and in rat. 31 The present experiment indicates that 
a! -adrenergic receptors have a role in the regulation of adipose 
tissue glucose uptake in the intact organism. In skeletal muscle, it 
has been demonstrated that the ability to increase glucose uptake 
is partly dependent on the ability to recruit capillaries. 32 In muscle, 
an adrenaline-induced increase in metabolic rate 33 as well as 
direct enhancement by adrenaline of glucose transport 34 may also 
contribute in explaining adrenaline-induced augmentation of 
glucose uptake. Our results suggest that also adipose tissue 
capillary recruitment contribute to increase glucose uptake. 
The fact that adrenaline-stimulated glucose uptake was lower in 
the overweight T2DM than in the overweight, non-T2DM subjects 
may partly reflect the absence of capillary recruitment in the 
former. Another explanation may be that in overweight subjects 
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with T2DM, the glucose uptake in adipose tissue is decreased 
owing to decreased insulin sensitivity and/or the (^-adrenergic 
receptor sensitivity is downregulated. The inability to increase 
adipose tissue glucose uptake may result in an insufficient supply 
of the necessary substrate for NEFA re-esterification in situ as 
suggested in Boschmann et al. 29 and Cahova et a/. 31 This is 
supported by the more pronounced increase in the NEFA/glycerol 
release ratio post adrenaline in the overweight T2DM subjects 
compared with the overweight, non-T2DM subjects, which 
indicates that the NEFA re-esterification in the adipose tissue 
in situ during the adrenaline infusion is lower in the former 
compared with the latter subjects. The higher ATBF in overweight 
T2DM compared with overweight, non-T2DM subjects after 
cessation of adrenaline infusion probably also contributed to a 
difference in re-esterification between groups, because removal of 
NEFA from the tissue is directly dependent on flow. 8 As the arterial 
NEFA concentrations post adrenaline at the same time decreased 
to values significantly lower than the pre-adrenaline concen- 
trations, this implies that fatty acids are diverted from adipose 
tissue to be taken up in other tissues, for example, liver and 
skeletal muscles in this period. 

After cessation of the adrenaline infusion, the lipolytic rate was 
suppressed in adipose tissue to values below pre-adrenaline in the 
non-T2DM subjects but not in the overweight T2DM subjects. 
The suppressed post-adrenaline lipolysis is in accordance with our 
previous findings in healthy subjects. It can be speculated if the 
missing suppression in the overweight T2DM subjects is due to 
decreased sensitivity to the insulin antilipolytic effect in these 
subjects. Alternatively, in healthy subjects the decrease in lipolysis 
during and after adrenaline is due to a desensitisation of the beta- 
adrenoceptors, 35 but not the oc 2 -receptors giving rise to a delayed 
antilipolytic effect of adrenaline. 36 This phenomenon may be 
blunted in overweight T2DM subjects. However, it will demand 
additional experiments to elucidate these hypotheses. 

CONCLUSION 

In the abdominal, subcutaneous adipose tissue, capillaries are 
recruited in response to an adrenaline stimulus in overweight, 
non-T2DM subjects; however, this response is impaired in 
overweight T2DM subjects. NEFA, released in adipose tissue 
during adrenaline stimulation, is after cessation of the stimulation 
insufficiently re-esterified in situ in overweight T2DM subjects, 
probably owing to prolonged increase in ATBF and to impaired 
increase in adipose tissue glucose uptake. 
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